1. Introduction {#sec1}
===============

Cerebral ischemia is one of the leading causes of death in the world. Carotid artery stenosis is one of the main risk factors of the development of ischemic stroke, representing approximately 20% of the total incidence \[[@B1]\]. Preventing carotid artery stenosis is a major target in averting primary and secondary stroke. Carotid artery stenting (CAS), a less invasive alternative technique to carotid endarterectomy, has become one of the major treatment modalities for carotid artery stenosis in recent years. Although stents are successful in the majority of cases, many patients still suffer serious complications of stenting such as in-stent restenosis (ISR), which is a main concern in clinical practice.

Inflammation has been widely demonstrated to play a central role in the pathophysiological process of restenosis after CAS by causing neointimal hyperplasia \[[@B2], [@B3]\]. After stenting, endothelial disruption and abrasion are induced by the infiltration of the balloon and implantation of the stent. This mechanical injury triggers substantial local inflammation, stimulates vascular smooth muscle cell proliferation and extracellular matrix deposition, and leads to neointimal thickening and restenosis. This inflammatory process involves the production of multiple pro- and anti-inflammatory factors that are released by complex interactions between multiple cell types after CAS \[[@B3]--[@B5]\]. In coronary artery stenting, proinflammatory factors interleukin-1*β* (IL-1*β*), interleukin-6 (IL-6) and anti-inflammatory factor transforming growth factor-*β* (TGF-*β*) play important roles in the early inflammatory process and the development of ISR after stenting, and elevation of matrix metalloproteinase-9 (MMP-9) continues for a long time and is associated with coronary artery in-stent restenosis \[[@B6]--[@B11]\]. To date, it is still unclear whether those factors also take part in the pathophysiological process after CAS and whether they take part in both the acute and chronic phase.

MMP-9, a member of matrix metalloproteinases family, works by degrading various components of the extracellular matrix and changing nonextracellular matrix molecule expression and may play a pivotal role in the pathogenesis of restenosis after stenting \[[@B6], [@B8], [@B9], [@B12]\]. MMP-9 is produced by various cells, including monocytes \[[@B13], [@B14]\]. Monocyte is a significant source of MMP-9 and plays an important role in vascular remodeling in atherosclerosis \[[@B13]\]. After stenting, endothelial injury or endothelial stress would lead to the infiltration of circulating monocytes in stented arteries \[[@B15]--[@B17]\]. Then, facilitated by the presence of cellular adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1), the monocytes adhere to endothelial cells and subsequently migrate into the intima. After migration, the monocytes differentiate into macrophages or dendritic cells, which contribute to ISR and stent thrombosis. Monocytes could be activated by soluble factors secreted by the injured endothelial cells. During this process, expression of MMP-9 in monocytes could be induced \[[@B15], [@B18]--[@B20]\]. But to our knowledge, there is no*in vitro* model which mimics the activation of monocytes stimulated by excretion of stent-induced injured endothelial cells.

Expression of MMP-9 has been widely confirmed to be regulated by the activation of extracellular signal-regulated kinases 1/2 (ERK1/2) in various pathologic conditions \[[@B21], [@B22]\]. Elk-1, a member of the ternary complex factor subfamily of Ets (E-twenty six) domain transcription factors, is well known to be phosphorylated by ERK1/2, which transforms Elk-1 from a transcriptionally repressive to a transcriptionally active form \[[@B23]\]. Moreover, the promoter of MMP-9 has been shown to possess a functional enhancer element-binding site for Elk-1, and several reports indicate that MMP-9 expression could be regulated by Elk-1 in the ERK1/2 signal pathway \[[@B24]--[@B26]\]. However, the mechanism of the ERK1/2/Elk-1 pathway mediated MMP-9 upregulation in the monocytes stimulated by mechanical injury of stenting has not yet been clarified.

Telmisartan is a unique angiotensin II receptor blocker (ARB) and a partial agonist of peroxisome proliferator-activated receptor-gamma (PPAR-*γ*). Recent clinical trials found that telmisartan reduced inflammation, late lumen loss, and neointimal tissue proliferation in patients who underwent coronary artery stenting \[[@B27]--[@B29]\]. The inhibitory effects of telmisartan on MMP-9 expression are also well documented \[[@B30]--[@B34]\]. Additionally, PPAR-*γ* agonists are reported to suppress MMP-9 expression by blocking activator protein-1 (AP-1) activity, which could be regulated by ERK1/2/Elk-1 pathway \[[@B35]--[@B37]\]. Thus, as a partial PPAR-*γ* agonist, telmisartan may inhibit increased MMP-9 expression through the ERK1/2/Elk-1 pathway. There have been no previous studies on the effect of telmisartan on MMP-9 expression and this mechanism in monocytes following stenting.

Based on these observations, we first monitored the serial serum levels of inflammatory cytokines IL-1*β*, IL-6, TGF-*β*, and MMP-9 in patients who underwent CAS with bare metal stents at 6-month follow-up to study the roles of these factors after stenting. The results indicate that MMP-9 is involved in the pathophysiological process for a long time after stenting. We set up a novel*in vitro* model of THP-1 monocytes activated by the supernatants of scratch-injured endothelial cells to mimic the activation of monocytes after CAS. We use this new model to investigate the involvement of the ERK1/2/Elk-1 pathway in MMP-9 expression in monocytes after stenting. Lastly, we determined if telmisartan suppresses the expression of MMP-9 in this model through an ERK/Elk-1-mediated pathway.

2. Materials and Methods {#sec2}
========================

2.1. Ethics Statement {#sec2.1}
---------------------

This study was approved by the Institutional Ethics Committee of the First Affiliated Hospital of Chongqing Medical University, and written informed consent was obtained from all potential study candidates before any procedure.

2.2. Patients {#sec2.2}
-------------

From September 2009 through December 2011, a prospective cohort of patients who were scheduled for CAS was recruited from the First Affiliated Hospital of Chongqing Medical University, China. Patients were eligible for CAS if they were suffering from carotid atherosclerosis (stenosis degree ≥50% in symptomatic patients or ≥70% in asymptomatic patients) confirmed by computer tomography angiography (CTA) or digital subtraction angiography (DSA). Symptomatic patients had to have a history of at least one ipsilateral ischemic event within the last 6 months, while asymptomatic patients did not have neurologic symptoms. Patients with the following conditions were excluded from the study: stenosis from causes other than atherosclerosis, restenosis, concurrent severe illness (such as neoplastic disease, hepatic or renal disease, or infection), a potential cause for neurological symptoms other than atherosclerotic carotid stenosis, a recent stroke or acute coronary syndrome during the preceding 2 weeks, alcohol abuse, steroid therapy, or an injury or surgical procedure in the period of 6 months before assaying the serum levels of the inflammatory cytokines.

Baseline demographic and clinical information was obtained from patient interview, physical imaging, and laboratory examination. The information included age, sex, distributions of classic cerebrovascular disease risk factors (hypertension, coronary artery disease, diabetes, impaired glucose tolerance, hyperlipidemia, and hyperthyroidism), symptomatic/asymptomatic, and degree of stenosis.

2.3. CAS Treatment Process, Clinical Follow-Up, and Serum Sample Collection {#sec2.3}
---------------------------------------------------------------------------

CAS was performed by experienced interventional neuroradiologists and done under anesthesiological standby. The vascular system was accessed via the femoral artery. CAS was performed using a bare metal stent. Stent type and the use of filter-based neuroprotective devices were chosen at the discretion of the interventionalists. Aspirin and clopidogrel were started for at least 3 days before the procedure and were continued for at least 1 month after the procedure. Then, the patients would be given aspirin or clopidogrel indefinitely. Complete neurologic examinations were performed by an independent neurologist before, 24 hours after, and 3 months and 6 months after CAS. Medication use, complications, cerebrovascular events, carotid ultrasound or CTA to detect carotid artery ISR, and blood samples to identify inflammatory biomarkers were evaluated prior to stenting, at 24 hours, 3 and 6 months after CAS procedure. Venous blood was taken in the morning from the antecubital vein with minimal stasis, placed in a coagulation promoting tube and stored at 4°C for 1 hour. Then the blood was centrifuged at a speed of 3000 rpm for 10 min and the serum samples were immediately stored at −80°C before being analyzed.

2.4. Cell Line and Cell Culture {#sec2.4}
-------------------------------

Human umbilical vein endothelial cells (HUVECs) and THP-1 cells, a human monocytic leukemia cell line, were both obtained from the Shanghai Institute of Biochemistry and Cell Biology, the Chinese Academy of Sciences (Shanghai, China). HUVECs were grown in DMEM medium (Gibco, Calif, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Calif, USA). THP-1 cells were cultured in RMPI 1640 medium (Gibco, Calif, USA) containing 10% FBS. All cells were maintained at 37°C in a humidified incubator containing 5% CO~2~ and the medium was changed every 2-3 days. In some experiments, THP-1 cells were pretreated with 0.02 mg/*μ*L ERK1/2 inhibitor PD98095 (Beyotime, Shanghai, China) or 10 *μ*mol/L telmisartan (Sigma, MO, USA).

2.5. Mechanical Injury and Adhesion Assay {#sec2.5}
-----------------------------------------

HUVECs (5.0 × 10^4^ cells/mL) were grown in 24-well plates for 12 hours. Scratch wounds (twice, 5 times, or 10 times) were made across the cell layer using 200 *µ*L pipette tips. Cultures were scratched by a pipette tip twice as the minor injury group, five times as the mild injury group, and ten times as the severe injury group. The control group was cultured without any scratch injury. Afterwards, the plates were washed twice with phosphate-buffered saline (PBS) and then incubated at 37°C in RPMI 1640 without supplemented FBS for 24 hours. Next, the supernatants of the endothelial cells of each group were collected.

HUVECs were cultured in 96-well plates for 12 hours and divided into 4 different groups. Culture media in each group were replaced by the different collected supernatants according to their grouping. Then the HUVECs were incubated with 2 × 10^4^ THP-1 cells. After incubation for 1 hour, plates were washed by PBS and then RPMI 1640 medium was added without FBS. Afterwards, MTT (Sigma, MO, USA) was applied to measure adhesion ability. The results were expressed as adhesion rates. According to our results, the five times of scratch would lead to highest adhesion rates. So we chose the supernatants of HUVECs which were scratched five times as the supernatants of the injured group in the following study.

2.6. Chemotaxis and Invasion Assay {#sec2.6}
----------------------------------

To observe the ability of the supernatants of scratch-injured HUVECs on THP-1 cell migration and invasion, chemotaxis and invasion assays were performed in 8 *µ*m transwell plates (Millipore, MA, USA).

In the chemotaxis assay, 5 × 10^5^ THP-1 cells in 100 *µ*L volume of culture were added to the upper chamber. In the invasion assay, 40 *µ*L of diluted Matrigel was put into the upper chamber of a 24-well transwell and incubated at 37°C for 1 hour. Then, 1 × 10^6^ THP-1 cells in 100 *µ*L volume of culture were added to the upper chamber. Afterwards, the supernatants were added to the lower chamber of the transwell for both chemotaxis and invasion assays. After 24 hours of incubation, cells were washed with PBS and fixed with paraformaldehyde. Cells were then stained with Giemsa (Sigma, MO, USA) for 5 minutes. The results of the chemotaxis and invasion assays were evaluated by counting the number of migrating or invading cells under a microscope.

2.7. ELISA {#sec2.7}
----------

Serum levels of IL-1*β*, IL-6, TGF-*β*, and MMP-9 and the concentrations of monocyte chemoattractant protein-1 (MCP-1) and soluble vascular cell adhesion molecule-1 (sVCAM-1) in the supernatants of the injury and control group were measured by enzyme-linked immunosorbent assay (ELISA), using commercially available high-sensitivity ELISA kits (Boster, Wuhan, China) according to the manufacturers\' instructions.

2.8. Cell Proliferation Assay {#sec2.8}
-----------------------------

THP-1 cells were cultured in 96-well plates at 5 × 10^3^ cells/well and incubated at 37°C in an incubator containing 5% CO~2~ for 12 hours. Then different concentrations of telmisartan (1.25, 2.5, 5, 10, 20, and 40 *µ*mol/L) were added to each well, respectively, and then the cells were incubated for 24, 48, or 72 hours. Cell and blank control group were set as well. Afterwards, 20 *µ*L of MTT was added to each well and incubated for 4 hours. Then the plates were centrifuged at a speed of 2000 rpm for 10 minutes. After removing the supernatants, 200 *µ*L of dimethylsulfoxide (DMSO) was added to each well. After shaking the plate for 15 min in the shaking board, the absorbance of each well was measured. The cell inhibitory rate was calculated according to the following formula: inhibitory rate = \[(the absorbance of cell control group − the absorbance of blank control group)/(the absorbance of experimental groups − the absorbance of blank control group)\] × 100%.

2.9. Western Blot {#sec2.9}
-----------------

Western blot was performed to examine the phosphorylation of ERK1/2 and Elk-1 and MMP-9 expression in THP-1 cells. Cells were washed twice with ice-cold PBS and lysed in lysis buffer containing phenylmethylsulfonyl fluoride (PMSF), proteinase inhibitor, and phosphatase inhibitor. These lysates were incubated on a rocking platform for 15 minutes at 4°C and centrifuged at 12,000 rpm for 15 minutes at 4°C. The protein was extracted using a protein extraction kit (KeyGEN Biotech, Nanjing, China), according to the manufacturer\'s instructions. Protein concentration was determined using a BCA protein assay kit (KeyGEN Biotech, China). Proteins were separated in SDS-PAGE gels (10%) and transferred to PVDF membranes (Millipore, MA, USA). After blocking with 5% nonfat milk for 1 h, membranes were incubated with the following primary antibodies: p-ERK1/2 (1 : 2000 dilution, Cell Signaling Technology, MA, USA), p-Elk-1 (1 : 400 dilution, Santa Cruz Biotechnology, CA, USA), MMP-9 (1 : 100 dilution, Santa Cruz Biotechnology, CA, USA), and GAPDH (1 : 2000 dilution, Good Here, Hangzhou, China) at 4°C overnight. After washing in PBST three times, membranes were incubated with appropriate HRP-conjugated secondary antibody (1 : 3000 dilution, ZSGB-Bio, China) at 37°C for 1 hour. Antibodies were detected using ECL reagent kits (KeyGEN Biotech, Nanjing, China) and exposed to the Chemi Doc XRS imaging system (Bio-Rad, USA). The density of the expressed bands was quantified by densitometry with Quantity One software (Bio-Rad Laboratories).

2.10. Statistical Analysis {#sec2.10}
--------------------------

All results are presented as mean ± standard deviation (mean ± SD). Statistical differences among multiple groups were performed using one-way analysis of variance (ANOVA) followed by a post hoc LSD test. Unpaired Student\'s *t*-test was used for comparison between two groups when appropriate. Values of *P* \< 0.05 were considered statistically significant. All data was carried out using SPSS 17.0 software.

3. Results {#sec3}
==========

3.1. Clinical Study {#sec3.1}
-------------------

### 3.1.1. Baseline Characteristics and Clinical Follow-Up {#sec3.1.1}

We enrolled 74 patients scheduled for CAS. The baseline characteristics are shown in [Table 1](#tab1){ref-type="table"}. Successful stent implantation was achieved in all patients (100%), and all of them were able to be accessed during the follow-up. Three patients (4.05%) showed a bleeding tendency 24 hours after CAS and we did not find any other complications in the rest of the cases. 6.76% of cases (*n* = 5) presented with dizziness 24 hours after CAS procedure. At the 6-month follow-up, total adverse cerebrovascular events included 1 death (1.35%), 1 transient ischemic attack (1.35%), and 2 strokes (2.70%). We did not find any evidence of restenosis in all cases during the follow-up time. Medical treatment after CAS included the use of antiplatelet agents in all patients (100%), antihyperlipidemics, hypoglycemic drugs, antihypertensive agents, and antithyroid drugs if needed.

### 3.1.2. Serum Levels of IL-1*β*, IL-6, TGF-*β*, and MMP-9 {#sec3.1.2}

We analyzed the serum levels of IL-1*β*, IL-6, TGF-*β*, and MMP-9 before stenting, at 24 hours, 3 and 6 months after the CAS procedure to determine whether they are involved in the pathophysiological process after CAS. Concentrations of IL-1*β*, IL-6, and TGF-*β* were significantly elevated 24 hours after CAS and returned to the preoperative levels less than 3 months after the operation ([Figure 1(a)](#fig1){ref-type="fig"}). MMP-9 levels also increased 24 hours after stenting, but the high expression continued for at least 3 months after stent implantation ([Figure 1(b)](#fig1){ref-type="fig"}). This indicates that MMP-9, a molecule widely reported to be associated with the process of ISR in coronary artery stenting, also takes part in the long-term pathophysiological process after CAS.

3.2. *In Vitro* Study {#sec3.2}
---------------------

### 3.2.1. Supernatants of Scratch-Injured HUVECs Induce Activation of THP-1 Cells {#sec3.2.1}

To study the regulation of MMP-9 in monocytes after stenting, we developed a new*in vitro* model of THP-1 cells incubated with the supernatants of scratch-injured HUVECs. Scratch injury mimics the mechanical injury induced by stenting. This new model intends to mimic monocytes activated by soluble factors released by mechanically injured endothelia cells. In order to evaluate the effect of the new model, we first examined the adhesive capacity of the THP-1 cells to HUVECs, which is critical in the inflammatory process after stenting \[[@B3]\]. Incubation with the supernatants of injured HUVECs increased the adhesion of THP-1 cells to HUVECs ([Figure 2(a)](#fig2){ref-type="fig"}). In the mild and severe injury group, the adhesion rates were significantly higher compared to the control group, while there was no significant difference between the minor injury group and the control group. Furthermore, the supernatants of the mild injury group increased the adhesion rate more than that of the severe injury group. These results suggest that the supernatants of cultures which were scratched five times (mild injury group) will be the most suitable in the process of establishing our new model as it promotes adhesion most clearly. To further confirm the activation of THP-1 cells stimulated by the injured endothelial cell supernatants, we measured the migration and invasion ability of these cells by using chemotaxis and invasion assays. [Figure 2(b)](#fig2){ref-type="fig"} shows that, in comparison with the control group, the number of THP-1 cells that passed through the membrane of the transwell in the chemotaxis and invasion assays were both clearly increased in injured groups. Taken together, our results showed that stimulation of scratch-injured HUVEC supernatants induces THP-1 cells activation, as it promotes THP-1 cell adhesion to HUVECs and enhances THP-1 cell migration and invasion ability.

### 3.2.2. Effects of Scratch Injury on MCP-1 and sVCAM-1 Concentrations in HUVECs Supernatants {#sec3.2.2}

Previous study suggests that blood concentrations of MCP-1 and sVCAM-1 in patients who underwent stent implantation were elevated after stenting \[[@B38]--[@B40]\]. Both of them play important roles in monocytes activation \[[@B41]--[@B44]\]. Hence, the effects of scratch injury on MCP-1 and VCAM-1 excretion by endothelia cells were studied. In supernatants of scratch-injured HUVECs, a significant increase expression of MCP-1 was observed ([Figure 3](#fig3){ref-type="fig"}), while there is no significant change in sVCAM-1 concentration (data not shown).

### 3.2.3. ERK1/2/Elk-1-Mediated MMP-9 Expression in THP-1 Cells Induced by Scratch-Injured HUVECs Supernatants {#sec3.2.3}

Our results suggested that serum MMP-9 remained at an elevated level for at least 3 months after CAS, and MMP-9 expression is well known to be associated with clinical ISR after coronary stenting \[[@B6], [@B8], [@B9]\]. We then explored the mechanism of MMP-9 expression in monocytes after stenting using our new model. First, we performed Western blot to find the expression of MMP-9 in THP-1 cells. The results revealed that injured endothelial supernatants stimulate a time-dependent increased expression of MMP-9 with a maximum response at 6 hours after stimulation (Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}).

Next, we explored the roles of ERK1/2 and Elk-1 in MMP-9 expression. Phosphorylation of ERK1/2 and Elk-1 in THP-1 cells treated with the supernatants of scratch-injured HUVECs was detected by Western blot (Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"}). Phosphorylation of ERK1/2 and Elk-1 showed a similar pattern, both of which were gradually increased after induction. It peaked at 15 minutes and then decreased at 30 minutes but still remained significantly higher than normal levels. We then employed an inhibitor of ERK1/2 (PD98095) to attenuate the effect of ERK1/2. THP-1 cells were pretreated with PD98095 for 1 hour and then incubated with injured HUVECs supernatants. Western blot showed PD98095 not only dramatically suppressed ERK1/2 phosphorylation, but also significantly reduced Elk-1 phosphorylation and MMP-9 expression (Figures [5(c)](#fig5){ref-type="fig"} and [5(d)](#fig5){ref-type="fig"}). Together, our results suggest that scratch-injured endothelial supernatants induce MMP-9 expression in THP-1 cells, which could be mediated through ERK1/2 pathway with Elk-1, functioning downstream of ERK1/2.

### 3.2.4. Telmisartan Reduces MMP-9 Expression by Inhibition of Elk-1 Activation in THP-1 Cells Stimulated by Scratch-Injured HUVECs Supernatants {#sec3.2.4}

Telmisartan was reported to reduce restenosis after stenting \[[@B28]\]. We aimed to investigate whether telmisartan inhibits MMP-9 expression via the ERK1/2/Elk-1 pathway. Firstly, we used an MTT assay to select the optimum concentration of telmisartan. The results showed that telmisartan inhibited cell growth in a dose- and time-dependent manner ([Figure 6(a)](#fig6){ref-type="fig"}). And low concentration of telmisartan (≤10 *µ*mol/L) affects the cell growth smaller. THP-1 cell growth approached a plateau above this 10 *µ*mol/L. Thus, we choose 10 *µ*mol/L as the concentrations of telmisartan for the next experiments.

Then we used Western blot to verify whether high expression of MMP-9 could be suppressed by telmisartan. The increase of MMP-9 expression in THP-1 cells treated with scratch-injured HUVEC supernatants for 1, 3, or 6 hours was all significantly inhibited by incubation with telmisartan before stimulation for 1 hour (Figures [6(b)](#fig6){ref-type="fig"} and [6(c)](#fig6){ref-type="fig"}). Afterwards, to assess whether ERK1/2 and Elk-1 are involved in the suppression of MMP-9 by telmisartan, ERK1/2 and Elk-1 phosphorylation and MMP-9 expression were measured in THP-1 cells pretreated with or without telmisartan for 6 hours. The results show that pretreatment with telmisartan efficiently downregulated the expression of p-Elk-1, but the reduction of p-ERK1/2 was not significantly different (Figures [6(d)](#fig6){ref-type="fig"} and [6(e)](#fig6){ref-type="fig"}). These results indicate that the inhibition effect of telmisartan on MMP-9 expression is via inhibition of Elk-1, but not of ERK1/2.

4. Discussion {#sec4}
=============

Inflammation is well documented to play an important role in the pathophysiologic process after carotid and coronary artery stent placement, including the pathogenesis of ISR \[[@B4], [@B45], [@B46]\]. There is little research on the role of IL-1*β*, IL-6, and TGF-*β* after CAS. In the present study, serum levels of IL-1*β*, IL-6, and TGF-*β* are elevated immediately after CAS but remain elevated for less than 3 months. These results suggest that these cytokines may just take part in the acute process after CAS. IL-1*β* is a cytokine that plays a critical role in inflammatory complications after coronary stent placement, including ISR and stent thrombosis \[[@B10]\]. After it is released by injured cells, it stimulates endothelial cells to secrete chemokines and increases the expression of vascular adhesion molecules, which eventually leads to restenosis \[[@B10], [@B47], [@B48]\]. IL-6 works as a messenger cytokine in the expression of C-reactive protein, fibrinogen, and plasminogen activator inhibitor-1 and accelerates oxygen radical production \[[@B49], [@B50]\]. It is instantly released into circulating blood by mechanical plaque rupture \[[@B51], [@B52]\]. Furthermore, the level of IL-6 production is related to plaque instability. In patients undergoing CAS, the periprocedural levels of IL-6 were associated with new ischemic lesions and adverse clinical events \[[@B51]--[@B53]\]. TGF-*β* exerts its anti-inflammatory and anti-in-stent neointimal properties by suppressing adventitial T cell activation, hyaluronan deposition, cell proliferation, and adventitial matrix metalloproteinase-1 expression. This was confirmed in a pig model of coronary artery stenting \[[@B46]\], though the finding that TGF-*β* promotes neointimal blockage contradicts the findings in other pathologic conditions which indicate that blockade of TGF-*β* results in inhibition of neointimal formation \[[@B54], [@B55]\].

Previous studies confirmed that MMP-9 plays a critical role in the pathogenesis of ISR after coronary bare metal or drug-eluting stent placement, and MMP-9 was reported to be associated with coronary artery ISR in humans \[[@B6]--[@B9]\]. However, there has been far less attention on the relationship between MMP-9 expression and CAS \[[@B56]\]. In the present study, none of the patients were found to suffer from ISR in a 6-month follow-up time, while the normal rate of ISR after CAS is reported to range from 3% to 16.6% \[[@B57]\]. Some possible reasons for this inconsistency include small sample size, limited follow-up time, and a difference in patient selection in our study. However our study revealed that MMP-9 is associated with the pathophysiologic process after CAS for a long time as we found that circulating MMP-9 levels increased in both the acute and chronic phase in patients undergoing CAS. Our data is supported by a previous study by Hlawaty et al. who showed that MMP-9 activity was detectable after stenting in a rabbit model of ISR after CAS \[[@B56]\].

We developed and characterized a novel*in vitro* model of THP-1 cells activated by the supernatants of HUVECs scratched by pipette tips. Scratching the cell layer with a plastic pipette mimics the mechanical injury of stent implantation to endothelial cells, which is usually used in wound healing assays or in models to stimulate traumatic injury in astrocytes \[[@B58], [@B59]\]. In our model, injured HUVECs supernatants enhance THP-1 cells adhesion to HUVECs as well as migration and invasion, all of which are essential to monocytes in order to participate in the process of atherosclerosis and ISR, which demonstrates that scratch-injured HUVECs supernatants activate THP-1 cells. To our knowledge, ours is the first*in vitro* model that mimics the activation of monocytes stimulated by excretion of mechanically injured endothelial cells following stenting.

MCP-1 and VCAM-1 play important roles in monocytes activation, such as adhesion and recruitment of monocytes \[[@B41]--[@B44]\]. Moreover, MCP-1 has been shown to increase MMP-9 expression via ERK pathway \[[@B22]\]. Blood concentrations of MCP-1 and sVCAM-1 in patients who underwent stent implantation were elevated after stenting \[[@B38]--[@B40]\]. In our study, we measured the expression of MCP-1 and sVCAM-1 in the supernatants of scratch-injured HUVECs. We found MCP-1, but not sVCAM-1, in supernatants may contribute to the activation of THP-1 cells.

We used our new model to detect the molecular mechanisms of MMP-9 expression in monocytes after CAS. Several signaling pathways have been confirmed in the regulation of MMP-9 expression in different cell types, including ERK1/2, c-Jun N-terminal kinase (JNK), and p38 MAPKs \[[@B60], [@B61]\]. Accumulated data suggests that the ERK1/2 cascade is one of the main pathways that mediate MMP-9 expression and that the ERK1/2 inhibitor attenuates the expression of MMP-9 in various cells \[[@B62], [@B63]\]. After being activated by phosphorylation and translocated into nucleus, ERK1/2 catalyzes the phosphorylation of transcription factor Elk-1. Additionally, Elk-1 can be activated by JNK and p38 MAPKs as well \[[@B64]\]. Thus, Elk-1 may also play a critical role as a common downstream effector of various signaling cascades for MMP-9 expression. Elk-1 has been implicated as a regulator of ERK-mediated MMP-9 expression in several different pathologic conditions \[[@B24]--[@B26]\]. Hsieh et al. \[[@B24]\] reported that Elk-1 binds to an Ets-binding site located upstream of the transcription start site and takes part in the activation of the MMP-9 promoter in astrocytes. Consistent with these findings, our*in vitro* study showed that the inhibition of ERK1/2 attenuated the effect of increased Elk-1 phosphorylation and MMP-9 expression in monocytes stimulated by the supernatants of scratch-injured endothelial cells, suggesting that the ERK1/2/Elk-1 pathway mediates MMP-9 expression in monocytes after stent implantation.

Telmisartan has a unique agonistic effect on selective PPAR-*γ* in addition to its classic ARB effects. Though a meta-analysis revealed that use of ARBs cannot inhibit neointimal hyperplasia in patients after coronary stent implantation, the clinical trials that they analyzed did not use telmisartan \[[@B65]\]. Among ARBs, telmisartan has the most potent PPAR-*γ*-mediated effects, activating the receptor to 25%--30% of the maximum level achieved by full agonists such as pioglitazone and rosiglitazone. Telmisartan is confirmed to exert protective effects on vessels in several clinical trials in which patients underwent coronary artery stenting \[[@B27]--[@B29]\]. Compared with valsartan which has negligible PPAR-*γ* stimulating activity, telmisartan was associated with a significant decrease in late lumen loss, neointima volume, and inflammatory markers in two different prospective randomized studies \[[@B27], [@B29]\]. Additionally, in a recent retrospective study, telmisartan has been reported to reduce neointimal tissue proliferation with a lower ISR rate compared to enalapril \[[@B28]\]. Instead of inhibition of angiotensin II, these effects mainly occur due to the interaction between telmisartan and PPAR-*γ* ligand-binding domain, leading to a reduction in inflammatory conditions by suppressing the production of inflammatory factors \[[@B27], [@B29], [@B30], [@B66]\]. However, the molecular mechanism of telmisartan on MMP-9 expression has not been fully clarified. There are several reports showing that overexpression of MMP-9 could be downregulated by telmisartan in various pathological conditions \[[@B30]--[@B34]\], while losartan, a non-PPAR-*γ* agonistic ARB, does not decrease MMP-9 activity \[[@B33]\]. What is more, the decrease of MMP-9 after incubation with telmisartan can be inhibited by addition of PPAR-*γ* antagonist GW9662 \[[@B30], [@B33]\]. Rosiglitazone, a full agonist of PPAR-*γ*, was demonstrated to suppress the expression of MMP-9 by antagonizing the activities of the transcription factors such as AP-1, STAT, and NF-*κ*B \[[@B35], [@B36]\]. In the current study, telmisartan suppresses the expression of MMP-9 in monocytes induced by supernatants of scratch-injured endothelial cells by inhibition of Elk-1 activation, but not ERK1/2. Elk-1-target gene*FOS* encoded transcription factor c-Fos, a component of AP-1, and AP-1 can upregulate the expression of MMP-9 \[[@B64], [@B67], [@B68]\]. Additionally, Yang et al. reported that activation of ERK2 is required for inducing PPAR-*γ* expression \[[@B69]\]. Thus, our*in vitro* study provides a mechanistic basis for how telmisartan regulates MMP-9 expression in activated monocytes.

In conclusion, our extensive study shows that the inflammatory cytokines, IL-1*β*, IL-6, TGF-*β*, and MMP-9, participate in the early inflammatory process after CAS. MMP-9 also takes part in the chronic phase after stent implantation. Furthermore, we developed and evaluated a new*in vitro* model of THP-1 cells activated by the supernatants of scratch-injured HUVECs to mimic monocytes activated by excretion of endothelial cells mechanically injured by CAS. In this model, MMP-9 expression can be regulated by suppression of ERK1/2/Elk-1 pathway. We also demonstrated that the protective effects of telmisartan after stenting may be partly because of its inhibitory effects on MMP-9 expression by suppressing Elk-1, but not ERK1/2, in activated monocytes after stenting. These findings provide insights and options for future clinical interventions to suppress complications of CAS.
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:   Vascular cell adhesion molecule-1.
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![Interleukin-1*β* (IL-1*β*), interleukin-6 (IL-6), transforming growth factor-*β* (TGF-*β*), and matrix metalloproteinase-9 (MMP-9) serum levels at different time intervals. (a) Serum levels of IL-1*β*, IL-6 and TGF-*β* before, 24 hours and 3 months after carotid artery stenting (CAS). (b) Serum MMP-9 levels before, 24 hours, 3 months, and 6 months after CAS. ^*∗*^ *P* \< 0.05 compared with before; ^\#^ *P* \< 0.05 compared with 24 hours.](MI2015-956082.001){#fig1}

![Scratch-injured human umbilical vein endothelial cells (HUVECs) supernatants induce THP-1 cells activation. (a) Results of the adhesion assay. (b) Results of the chemotaxis and invasion assays. ^*∗*^ *P* \< 0.05 compared with control group; ^\#^ *P* \< 0.05 compared with severe injury group.](MI2015-956082.002){#fig2}

![Effects of scratch injury on monocyte chemoattractant protein-1 (MCP-1) concentrations in human umbilical vein endothelial cells (HUVECs) supernatants. ^*∗*^ *P* \< 0.05 compared with control.](MI2015-956082.003){#fig3}

![Scratch-injured human umbilical vein endothelial cells (HUVECs) supernatants induced MMP-9 expression in THP-1 cells. (a) MMP-9 protein expression in control cultures and in cultures treated with the supernatants of scratch-injured HUVECs for 1, 3, 6, and 12 h. (b) Quantitative data for (a). ^*∗*^ *P* \< 0.05 compared with control; ^\#^ *P* \< 0.05 compared with rest groups.](MI2015-956082.004){#fig4}

![MMP-9 expression is modulated by the ERK1/2/Elk-1 pathway. (a) Phosphorylation of ERK1/2 and Elk-1 protein in control cultures of THP-1 cells and in cultures treated with the supernatants of scratch-injured human umbilical vein endothelial cells (HUVECs) for 5, 10, 15, 30, and 60 min. (b) Quantitative data for (a). (c) Phosphorylation of ERK1/2 and Elk-1 and expression of MMP-9 protein in control group, injury group, and PD98059 group. Control group was THP-1 cultures treated with the supernatants of HUVECs without scratch injury, while injury and PD98059 groups were cultures treated with supernatants of scratch-injured HUVECs for 6 hours. Cultures of the PD98059 group were pretreated with PD98095 for 1 h prior to HUVEC supernatants treatment. (d) Quantitative data for (c). ^*∗*^ *P* \< 0.05 compared with control group; ^\#^ *P* \< 0.05 compared with rest groups; ^+^ *P* \< 0.05 compared with injury group.](MI2015-956082.005){#fig5}

![Telmisartan suppresses MMP-9 expression by inhibiting Elk-1 phosphorylation in THP-1 cells induced by scratch-injured human umbilical vein endothelial cells (HUVECs) supernatants. (a) Growth inhibiting effects of telmisartan on THP-1 cells. THP-1 cells were treated with 1.25, 2.5, 5, 10, 20, and 40 *µ*mol/L of telmisartan for 24, 48, and 72 h. Cell proliferation was determined by MTT assay. (b) MMP-9 protein expression in THP-1 cells incubated with scratch-injured HUVECs supernatants for 1, 3, and 6 h. THP-1 cells in telmisartan group were pretreated with telmisartan for 1 h before HUVECs supernatants treatment. (c) Quantitative data for (b). (d) ERK1/2 and Elk-1 phosphorylation and MMP-9 protein expression in control, injury, and telmisartan groups. Control group was THP-1 cultures treated with supernatants of HUVECs without injury, while injury group and telmisartan group were cultures treated with supernatants of HUVECs with scratch injury for 6 hours. Cultures of telmisartan group were pretreated with telmisartan for 1 h prior to HUVECs supernatants treatment. (e) Quantitative data for (d). Note: ^*∗*^ *P* \< 0.05 compared with control group; ^\#^ *P* \< 0.05 compared with injury group.](MI2015-956082.006){#fig6}

###### 

Baseline characteristics of patients scheduled for CAS.

  Parameter                    *n* = 74       \%
  ---------------------------- -------------- -------
  Age, years                   66.15 ± 7.39    
  Sex, male                    48             64.86
  Hypertension                 51             68.92
  Coronary artery disease      9              12.16
  Diabetes                     23             31.08
  Impaired glucose tolerance   14             18.92
  Hyperlipidemia               54             72.97
  Hyperthyroidism              1              1.35
  Symptomatic stenosis         43             58.11
  Stenosis degree                              
   50%\~70%                    15             20.27
   \>70%                       59             79.73

Values are given as mean ± SD or *n* (%).
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